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Abstract 

This work reports on the chemiluminescence signature of premixed ammonia-methane-air swirling flames. 
Wide ranges of equivalence ratios (0.6 ≤ � ≤ 1.3), ammonia fractions in the fuel blend (0 ≤ X NH3 ≤ 0.70), 
and Reynolds numbers (10,000 ≤ Re ≤ 40,000) were investigated to understand effects of these parameters on 

the light emitted by these flames. Excited radicals contributing to chemiluminescence in the UV and visible 
ranges were confirmed, namely NO 

∗, OH 

∗, NH 

∗, CN 

∗, CO 2 
∗, CH 

∗, and NH 2 
∗. With non-intrusive flame 

monitoring in mind, various ratios of chemiluminescence intensities were carefully studied because these 
allow removing effects of time-varying flame surface area that is inherent in turbulent flames. Consistent with 

previous findings in laminar flames, ratios CN 

∗/OH 

∗, CN 

∗/NO 

∗, and NH 

∗/CH 

∗ were found to be promising 
candidates. Ratios CN 

∗/OH 

∗ and CN 

∗/NO 

∗ were identified as potential surrogates for equivalence ratio if 
X NH3 ≥ 0.20 and 0.05 ≤ X NH3 ≤ 0.50, respectively. Ratio NH 

∗/CH 

∗ was identified as a potential surrogate for 
the ammonia fraction in the fuel blend provided that equivalence ratio is roughly known. Ratio Blue /NH 2 

∗, 
obtained exclusively from measurements in the visible range, is another interesting surrogate for the ammonia 
fraction but its sensitivity to Reynolds number may limits its range of applications. Trends of measured 

exhaust NO concentration with equivalence ratio and ammonia fraction were found to qualitatively match 

that of NO 

∗, NH 

∗, and CN 

∗, implying that emissions from these excited radicals could be used to monitor 
the NO performance of practical ammonia-methane-air flames. 
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

The desire to advance combustion diagnostics
derives from the need to improve the stability,
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operability, fuel flexibility, and thermal and emis- 
sion performances of combustion devices [1] . For 
example, the precise determination of equivalence 
ratio has helped to significantly reduce the level of 
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Fig. 1. Cross-sectional view of the burner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ox emission in dry-lean gas turbine engines [2] .
ombustion diagnostics have also been used for

he active control of combustion instabilities based
n the on-site monitoring of heat release rate fluc-
uations, which mainly result from flame surface
nd equivalence ratio variations [3] . Therefore,
umerous efforts have been devoted to develop ef-
ective and cost-competitive flame sensing methods
4 , 5] . 

Chemiluminescence-based diagnostics have
een widely applied to practical flames owing
o their non-intrusive, simple, and cheap nature.
hemiluminescence involves the emission of light

rom excited radicals, such as OH 

∗, CH 

∗, and NO 

∗

or example, after they were produced via chemical
eactions [6] . Chemiluminescence in hydrocarbon
ames has been shown to provide useful informa-
ion on the location of the reaction zone [7] , equiv-
lence ratio [8] , and heat release rate [9] , hence, it
s used to infer indirectly the combustion perfor-

ance, NOx emission formation, or the integrity of 
ardware. 

Recently, numerous studies have been per-
ormed to understand the combustion character-
stics of ammonia since ammonia has been rec-
gnized as a promising future fuel for carbon free
ombustion [10 , 11] , with the emphasize on flame
tability and NOx emission. Although a number
f studies previously reported on some features of 
he chemiluminescence of ammonia flames (e.g.,
n [12–15] ), it is still unclear how chemilumines-
ence correlates with relevant flame properties
or more practical operating conditions featuring
mmonia. 

Recently, Zhu et al. [16] employed a counter-
ow burner to investigate the chemiluminescence
ignature of laminar premixed ammonia-methane-
ir flame. Ratios CN 

∗/OH 

∗ and NH 

∗/CH 

∗ were
ound to correlate well with equivalence ratio and
mmonia fuel fraction, respectively. This laid the
rst stone towards the development of optical
ensors for flames featuring ammonia in the fuel
lend. However, their work was restricted to lam-

nar flames and effects of turbulence were not in-
estigated. Turbulence potentially influences flames
hrough local extinction [17] , stretch [18] , curvature
19 , 20] , and vortex/flame interactions [21 , 22] and
ould, in turn, influence chemiluminescence as well.
iven the important role that ammonia will play in

omorrow’s energy landscape, it is of interest to un-
erstand the chemiluminescence of practical turbu-

ent ammonia flames, eventually leading to the de-
elopment of chemiluminescence-based sensors for
he monitoring of industrial combustion devices.
herefore, the present study focuses on the chemi-

uminescence of premixed ammonia-methane-air
wirl flames, operating for wide ranges of ammo-
ia fuel fraction, equivalence ratio, and Reynolds

umber. 

 

2. Experimental facility and diagnostics 

2.1. Optically-accessible swirl combustor 

An industrial scale tangential swirl burner with
optical access (GE214 quartz material, spectral
curve provided in Supplementary Material, Fig.
S1) and a geometric swirl number of S g = 1.05,
shown in Fig. 1 , was operated with different
volume fractions of ammonia in the ammonia-
methane fuel blends 0 ≤ X NH3 ≤ 1, equivalence ra-
tios 0.6 ≤ � ≤ 1.3, and bulk Reynolds numbers
10,000 ≤ Re ≤ 40,000. Changes in Re were achieved
by varying the volumetric flow rates of the com-
bustible mixtures. Gas flow rate were prescribed
with Bronkhorst thermal mass flow controllers (ac-
curacy better than ±0.5% within 15–95% of the
full scale). From the premix chamber (label a), fuels
and air leave the burner’s exit nozzle ( r = 28 mm)
through a single radial-tangential swirler (label b),
using the central injection lance (label c) as a bluff-
body ( r = 16 mm). The flame was housed within
a cylindrical quartz confinement (label d) with an
expansion ratio of 3 relative to the burner’s exit
nozzle. A honeycomb (label e) was installed to ho-
mogenize the flow and mitigate risks associated
with flashback. Further details of the burner ge-
ometry are provided in Supplementary Material,
Fig. S2. Experiments were conducted near atmo-
spheric pressure (1.1 bar(a)) and at room tempera-
ture ( ∼288 K). 

2.2. Chemiluminescence measurements 

A UV/visible-capable optical fiber head (Steller-
net Inc DLENS with F600 fiber optic cable) was
installed 3 cm above the burner’s exit and 10 cm
away from its central axis, providing a field of 
view (FOV) of approximately 30 mm × 30 mm at
the flame core. The other end of the optical fiber
was connected to a UV/visible-capable spectrom-
eter (Stellernet Inc BLUE-Wave) featuring a 100-
mm focal length and a 25- μm wide entry slit. The
spectrometer was equipped with a 600-grooves/mm
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Fig. 2. Inverse Abel transformed images of swirl flame 
with X NH3 = 0.6, Re = 20000 and � = 1.0 corresponding 
to the emission from different excited radicals. Col- 
ormaps are normalized by the maximum value found in 
each image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a) UV and (b) UV + visible chemiluminescence 
spectra for a stoichiometric swirl flame with X NH3 = 0.60 
and Re = 20,000. 
grating and a Si-CCD detector (Sony ILX511b)
featuring 2048 effective pixels of size 14 × 200 μm 

2 ,
yielding a spectral resolution of 0.5 nm. The de-
tector’s exposure time was set to 1 s and 20 scans
were averaged to improve the signal-to-noise ratio
(SNR). The Y-axis of the spectrometer was cali-
brated using a standard light source (SL1 Tung-
sten Halogen). Quartz transmissivity was consid-
ered during the calibration process. The GE214
quartz material has over 80% transmissivity for the
UV-Vis range ( > 90% for 300–800 nm) considered
here. 

Time-averaged flame images were also recorded
with two intensified cameras, LaVision Imager in-
tense (Sony ICX285AL sensor and Hamamatsu
HB1058 intensifier), fitted with different bandpass
filters chosen to target specific excited radicals. The
image resolution is 6.2 pixels/mm, resulting in a
field of view of 50 mm (axial, y) by 80 mm (ra-
dial, x) relative to the edge and centreline of the
burner exit nozzle, respectively. Fig. 2 shows in-
verse Abel transformed flame images correspond-
ing to OH 

∗ near 309 nm, NH 

∗ near 336 nm, the α
band of NH 2 near 630 nm, CH 

∗ near 430 nm, and
CN 

∗ near 355 nm for a stoichiometric swirl flame
with X NH3 = 0.60 and Re = 20,000. The images in
Fig. 2 only show half of the cross profile of the swirl
flame, which is semi-axisymmetric. The intensities
of the species have been normalized by the maxi-
mum. These images highlight the typical V-shape
adopted by the swirl flames and confirm the contri-
butions from multiple excited radicals to the flame’s
spontaneous emission of light. These images also
show that different excited radicals emit from dif-
ferent locations in the flame, specifically NH 2 

∗.
However, as a first step, this study focuses on the
spatially-integrated but spectrally-resolved chemi-
luminescence, which justifies the use of a spectrom-
eter and the position of the optical fiber. 

2.3. Exhaust gas analysis 

Exhaust emissions (NO, N 2 O, NO 2 , NH 3 , CO,
CO 2 , O 2 and H 2 O) were measured using a be-
spoke quantum cascade laser analyzer (Emerson
CT5100) operating at 463 K with a sampling fre-
quency of 1 Hz ( ±1%, 0.999 linearity). Dilution of 
the sample by N 2 was adopted ( ±10% repeatabil-
ity) when wet readings were above the analyzer’s 
detection range. An isokinetic funnel with an in- 
take diameter of 30 mm was fixed 50 mm above 
the quartz confinement’s exit to capture homoge- 
neous samples from the exhaust for selected operat- 
ing conditions. All the emissions data reported here 
were recorded and averaged over a period of 120 s. 
Only NO emissions data are presented here, and the 
analysis of the other species is left to a future study. 

3. Results and discussion 

3.1. Chemiluminescence spectra and intensity of 
single species/spectral ranges 

The measured chemiluminescence spectrum of 
a stoichiometric swirl flame with X NH3 = 0.60 and 

Re = 20,000 is shown in Fig. 3 . Fig. 3 a and 3 b shows 
the UV and UV + visible ranges, respectively. Ex- 
pected features of the UV spectrum are found [16] , 
namely contributions from NO 

∗, OH 

∗, NH 

∗, CO 2 
∗, 

CN 

∗, and CH 

∗. Overlay of the simulated spectra 
(by LIFbase) and the measured spectra (with CO 2 

∗

background removed) for this condition is pro- 
vided in Supplementary Material, Fig. S3. Excel- 
lent agreement between the locations of simulated 

and measured peaks is found, which is deemed suf- 
ficient to properly assign species to each spectral 
emission. However, simulations for NH 

∗ and NH 2 
∗

are not available. Reader is referred to [13 , 15] for 
NH 2 

∗ and [16] for NH 

∗ spectra. The broadband 

but featureful visible spectrum typically attributed 

to the α band of NH 2 and H 2 O is also found in 

Fig. 3 b. Radical C 2 
∗ is also featured but its contri- 

bution is dwarfed by that of the α band of NH 2 for 
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he same wavelength range ( ∼516 nm) for all flames
eaturing ammonia. For this reason, C 2 

∗ will not be
nvestigated further in this study. 

In this study, contributions from different
pecies, or specific spectral ranges, were quantified
y integration of the chemiluminescence spectra
ver some specified wavelength ranges, highlighted
ith colors in Fig. 3 . These ranges are 221–261 nm

or NO 

∗, 302–326 nm for OH 

∗, 335–346 nm for
H 

∗, 347–350 nm for CO 2 
∗, 354–363 nm for CN 

∗,
29–443 nm for CH 

∗, 450–500 nm for Blue and
22–642 nm for NH 2 

∗. Range 450–500 nm was
abeled Blue instead of being assigned to a specific
pecies because multiple species, including at least
O 2 

∗ and NH 2 
∗, contribute to this range. The

bove ranges were chosen to minimize interfer-
nces between different species. For example, the
trong peak from CN 

∗ near 380 nm was not used
ecause CH 

∗ also emits in this range. Because of 
he broadband nature of CO 2 

∗’s emission, it’s con-
ribution to the spectrum (see orange dashed line
n Fig. 3 a) was subtracted before the quantification
f other excited radicals in the UV. This was also
one for the laminar flames in [1] . 

As shown in Fig. 3 b, the intensity is much larger
n the visible than in the UV. Therefore, the use of 
 single spectrometer to simultaneously cover the
00–800 nm range led to a compromise on SNR
n the UV. Indeed, the 1-s exposure time chosen to
over the full dynamic range available for this spec-
rometer without saturating anywhere meant that
NR could not be optimal in the UV. To give an

dea of the precision of the instrument, the coeffi-
ients of variation, defined as the standard devia-
ion divided by the mean, are 3.61% (NO 

∗), 3.67%
OH 

∗), 3.47% (NH 

∗), 3.60% (CN 

∗), 3.83% (CO 2 
∗),

.40% (CH 

∗), 3.46% ( Blue ), 3.38% (NH 2 
∗) if mean

alues are taken for the stoichiometric swirl flame
ith X NH3 = 0.60 and Re = 20,000. 

As discussed in [16] , another important source
f error is associated to the imperfect prescription
f gas mass flow rates. Indeed, for all the spectral
anges defined above, the chemiluminescence inten-
ity is sensitive to the ammonia fuel fraction and
quivalence ratio (see later). To improve the read-
bility of graphs, error bars attributed to the pre-
cription of mass flow rates will not be plotted but
heir size can be computed by considering the sen-
itivity of chemiluminescence intensities to X NH3 
nd � for each condition and a 1% error on X NH3
nd �. Finally, a small uncertainty may arise from
he selection of the control points and of the in-
erpolation method for the CO 2 

∗ background cal-
ulation. However, Zhu et al. [16] showed that this
ource of errors is much less important than the
ther sources described earlier. 

Fig. 4 plots the measured spectrally-integrated
hemiluminescence intensities for different radicals
s a function of equivalence ratio (0.6 ≤ � ≤
.3) for different ammonia fuel fractions (0 ≤
 NH3 ≤ 0.7) and Re = 20,000. Color gradients
are used to differentiate the changing ammonia
mol fraction, i.e., the darker the color of a curve,
the larger the X NH3. By design, this is almost the
same range of X NH3 and � than that examined for
laminar flames in [16] . Except for Blue and NH 2 

∗,
all excited radicals exhibit a bell-shaped curve and
trends of intensity as a function of X NH3 and � are
identical to that found for laminar flames in [16] .
Specifically, NO 

∗, OH 

∗, and CO 2 
∗ peak at a smaller

equivalence ratio than NH 

∗, CN 

∗ and CH 

∗. This
is an important feature that suggests that well-
selected ratios of chemiluminescence intensities
would be very sensitive to equivalence ratio. This
will be examined in the next subsection. In addi-
tion, intensities decrease monotonically as X NH3
increases for OH 

∗, CO 2 
∗, and CH 

∗ (the species fea-
tured in pure methane-air flames) while the trend
is non-monotonic for NO 

∗, NH 

∗, and CN 

∗ (the
species not featured in pure methane-air flames). 

If X NH3 ≥ 0.4, curves are bimodal for Blue and
NH 2 

∗, suggesting that multiple species contribute
to chemiluminescence within the corresponding
spectral ranges and that these species feature dif-
ferent sensitivities to � and, perhaps, X NH3 . As dis-
cussed above, it is suspected that both CO 2 

∗ and
NH 2 

∗ contribute to Blue . NH 2 
∗ and H 2 O are the

two most likely contributors to the 622–642 nm
range [13] but we will continue to refer to it as only
NH 2 

∗ for simplicity and for consistency with previ-
ous studies (e.g., [15] ). 

3.2. Chemiluminescence intensity ratios 

Chemiluminescence intensity ratios from two
different excited radicals (or spectra ranges) cancel
out effects of varying flame surface area, which is a
characteristic inherent in turbulent flames. There-
fore, if practical flames are the target, it is useful
to examine chemiluminescence intensity ratios as
well. We defined 8 excited radicals (or spectral
ranges) in the range 200–800 nm, yielding 28
possible different ratios. These were all examined
but only 7 were found to be of practical relevance.
They are plotted in Fig. 5 as a function of � for
different X NH3 and in Fig. 6 as a function of the
Re for different � and X NH3 . The coefficients of 
variation calculated for the 7 intensity ratios are
as follows: 0.48% (OH 

∗/CH 

∗), 0.40% (CH 

∗/OH 

∗),
0.35% (CN 

∗/NO 

∗), 0.40% (NH 

∗/CH 

∗), 0.39%
(NH 

∗/OH 

∗), 0.41% (CH 

∗/NH 

∗), 0.57% (Blue/
NH 2 

∗) if mean values are taken for the stoi-
chiometric swirl flame with X NH3 = 0.60 and
Re = 20,000. 

OH 

∗/CH 

∗: The OH 

∗/CH 

∗ intensity ratio is
routinely used to sense � in pure methane-air
flames (e.g. [23] ). This capability is confirmed by
Fig. 5 a because this ratio decreases rapidly when �
increases if X HN3 = 0. The sensitivity of this ratio
decreases when X HN3 increases, which limits its
sensing capability in flames featuring ammonia. In
addition, curves in Fig. 5 a do not overlap, meaning
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Fig. 4. Measured chemiluminescence intensity of 8 excited radicals (or spectral ranges) as a function of equivalence ratio 
for different ammonia fuel fractions and Re = 20,000. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

that this ratio cannot be used if the fuel composi-
tion is not known. Fig. 6 a shows that this ratio is
not modified significantly by the Reynolds number,
especially considering that the latter was multiplied
by 4. This is true for different equivalence ratios
( � = 0.8, 1.0, and 1.2) and ammonia fractions
(X NH3 = 0.30 and 0.45). 

CN 

∗/OH 

∗: This ratio is available as long as there
is some ammonia in the fuel blend and it increases
monotonically and rapidly when � increases. To il-
lustrate, it increases by ∼1055% when � increases
from 0.7 to 1.2. It is also fairly insensitive to X NH3
for the range considered here. This is why this ratio
was proposed as a surrogate for equivalence ratio in
[16] , albeit for laminar flames. The tighter collapses
of all curves on a single one in [16] suggests that
discrepancies observed here for turbulent flames
can be attributed to the lower precision of the in-
struments. Regardless, discrepancies associated to
the imperfect overlap of curves featuring different
X NH3 only translates into a ±6% uncertainty on �
at � = 1. The same way that it was found insen-
sitive to strain rate in counterflow laminar flames,
Fig. 6 b shows that ratio CN 

∗/OH 

∗ is unaffected by
Re, at least over the range examined here. For the 
above reasons, CN 

∗/OH 

∗ is a very promising ra- 
tio for sensing equivalence ratio in practical flames, 
even if the Re and X NH3 are unknown/varying, as 
long as X NH3 ≥ 0.20. 

CN 

∗/NO 

∗: Ratio CN 

∗/NO 

∗ was described in 

[16] as a suitable equivalence ratio surrogate if 
0.05 ≤ X NH3 ≤ 0.50. Data recorded here for tur- 
bulent flames are consistent with this description 

given that this ratio also increases monotonically 
and rapidly when � increases (see Fig. 5 c) and is 
insensitive to X NH3 (if 0.20 ≤ X NH3 ≤ 0.5) and 

Re (see Fig. 6 c). Discrepancies associated with 

the imperfect overlap of curves featuring different 
X NH3 translates into a ±5% uncertainty on � at 
� = 1 if only curves with 0.20 ≤ X NH3 ≤ 0.50 are 
considered. 

NH 

∗/CH 

∗: Fig. 5 d shows that ratio NH 

∗/CH 

∗

has the potential to sense X NH3 in ammonia- 
methane-air swirling flames because it exhibits a 
large sensitivity to X NH3 and is only moderately 
sensitive to �, except for the smallest (X NH3 = 0) 
and largest ammonia fractions (X NH3 ≥ 0.60) con- 
sidered. For these “extreme” ammonia fractions, 
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Fig. 5. Seven measured ratios of chemiluminescence intensities as a function of equivalence ratio for different ammonia 
fuel fractions and Re = 20,000. 
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nowledge of the equivalence ratio, e.g., obtained
ia measurement of ratio CN 

∗/OH 

∗, would be nec-
ssary to infer X NH3 accurately. The exact same
rends were observed for laminar flames in [16] .
ike the previous ratios examined, ratio NH 

∗/CH 

∗

s marginally sensitive to Re (see Fig. 6 d), which
upport its use for sensing turbulent flames. The
arge sensitivity of ratio NH 

∗/CH 

∗ to X NH3 can be
xplained by the fact that NH 

∗ and CH 

∗ are not fea-
ured in pure methane-air and ammonia-air flames,
espectively. 

NH 

∗/OH 

∗ & CN 

∗/NH 

∗: In [16] , Zhu et al. also
roposed to combine the use of ratios NH 

∗/OH 

∗

nd CN 

∗/NH 

∗ to infer � and X NH3 simultaneously
n laminar ammonia-methane-air flames. This was
ossible because both ratios monotonically in-
reased when � increased but featured an opposed
ensitivity to X NH3 (as long as X NH3 > 0). Even
hough the smallest precision of the instrument
sed here makes the argument less compelling, it
is also valid for turbulent flames (see Fig. 5 e and
f). Using these ratios to sense � and X NH3 simulta-
neously with an acceptable accuracy requires a bet-
ter precision than that exhibited here, which could
easily be achieved by optimizing the spectrometer’s
settings to the UV range only, like in [16] . While
ratio CN 

∗/NH 

∗ is insensitive to Re over the large
range examined here (see Fig. 6 e), ratio NH 

∗/OH 

∗

increases more substantially when Re is increased
(see Fig. 6 f), which could be a source of uncertainty
in flames featuring unknown or large variations of 
Re. 

Blue /NH 2 
∗: Contrary to in [16] , the visible range

was examined here and ratio Blue /NH 2 
∗ is avail-

able. It is very sensitive to X NH3 , especially for the
most modest ammonia fractions, and much less
sensitive to � (see Fig. 5 g). This suggests that ra-
tio Blue /NH 2 

∗ could be a great surrogate for X NH3,
as long as � is measured with another ratio, even
with a modest accuracy. Unfortunately, this ratio is



S. Mashruk, X. Zhu, W.L. Roberts et al. / Proceedings of the Combustion Institute 39 (2023) 1415–1423 1421 

Fig. 6. Seven measured ratios of chemiluminescence intensities as a function of Reynolds number for different ammonia 
fuel fractions and equivalence ratios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Measured wet NO emissions in the exhaust as a 
function of equivalence ratio for different ammonia frac- 
tions and Re = 20,000. 
quite sensitive to Re (see Fig. 6 g), implying that it
could only be used to sense flames exhibiting small
variations of Re. 

3.3. NO 

∗/NH 

∗/CN 

∗ chemiluminescence as a 
surrogate of exhaust NO emissions 

Given that exhaust NO emissions were mea-
sured, it is interesting to investigate if these
could have been predicted using chemilumines-
cence. Fig. 7 shows the measured wet NO emis-
sions as a function of � for different X NH3 and
Re = 20,000. Trends and numbers are consistent
with existing literature [24] but, more interesting,
trends closely match that of NO 

∗, NH 

∗, and CN 

∗.
Wet NO, NO 

∗, NH 

∗, and CN 

∗ all peak near stoi-
chiometric, although CN 

∗ peaks at a richer equiv-
alence ratio, and first increase then decrease when
X NH3 increases. This suggests that NO 

∗, NH 

∗, or
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erhaps CN 

∗ could be considered to monitor the
O emission performance of practical ammonia-
ethane-air flames. This is consistent with [25] ,
here a temporal correlation was found between
O X 

and NH 

∗ and CN 

∗ in an incinerator. Cor-
elation between NO and NH 

∗ can be explained
y the fact that NH 

∗ is most-likely produced, at
east partly, via reaction CH + NO → NH 

∗ + CO
26] . Similarly, CN 

∗ is most-likely produced, at least
artly, via reaction C 2 + NO → CN 

∗ + CO [27] .
rovided that thermal excitation of NO is possi-
le for the flame temperatures considered here-this
hould be verified-a correlation between NO and
O 

∗ is also not surprising. 
Further work is needed to fully understand if 

hemiluminescence from NO 

∗/NH 

∗/CN 

∗ could be
sed to quantitatively monitor NO emission in
ractical ammonia-methane-air flames. This can-
ot be achieved here due to space limitations and

t is left to a future study. 

. Conclusions 

This study investigated the chemiluminescence
ootprint of swirling ammonia-methane-air flames
ver wide ranges of equivalence ratios, ammonia
ractions in the fuel blend, and Reynolds num-
ers using an industrial scale burner. Important ex-
ited radicals contributing to chemiluminescence in
he UV and visible ranges were confirmed, namely
O 

∗, OH 

∗, NH 

∗, CN 

∗, CO 2 
∗, CH 

∗, and NH 2 
∗. 

Trends of chemiluminescence intensities mea-
ured in the UV for these turbulent flames are iden-
ical to that measured previously for laminar flames
f the same fuel blends. Important features include:
1) intensities from some excited radicals (OH 

∗,
O 2 

∗, and CH 

∗) decrease when the ammonia frac-
ion decreases while that from others (NO 

∗, NH 

∗,
nd CN 

∗) first increase then decrease; (2) intensities
rom these radicals follow a bell-shape curve with
quivalence ratio but peak for different equivalence
atios. 

Trends of visible chemiluminescence are more
omplicated, i.e., curves as a function of equiva-
ence ratio are bimodal if there is enough ammonia
n the fuel blend, because multiple species are ac-
ive for the same wavelengths. It is likely that CO 2 

∗

nd NH 2 
∗ are the main contributors between 450

nd 500 nm while NH 2 
∗ and H 2 O are responsible

or most of the orange emission, e.g., between 622
nd 642 nm. 

Ratios of chemiluminescence intensities were
lso studied because these allow removing effects
f flame surface area. Also consistent with findings

n laminar flames, ratios CN 

∗/OH 

∗, CN 

∗/NO 

∗,
nd NH 

∗/CH 

∗ were found to be promising candi-
ate for sensing practical ammonia-methane-air
ames. Ratios CN 

∗/OH 

∗, CN 

∗/NO 

∗ are potential
urrogates for equivalence ratio if X NH3 ≥ 0.20 and
.05 ≤ X NH3 ≤ 0.50, respectively. Ratio NH 

∗/CH 

∗

is a potential surrogate for the ammonia frac-
tion provided that equivalence ratio is roughly
known. Ratio Blue /NH 2 

∗ is another seducing
surrogate for the ammonia fraction but, contrary
to CN 

∗/OH 

∗, CN 

∗/NO 

∗, and NH 

∗/CH 

∗, its sensi-
tivity to Reynolds number may limits its range of 
applications. 

Trends of exhaust NO concentration with
equivalence ratio and ammonia fraction match that
of NO 

∗, NH 

∗, and CN 

∗, suggesting that these ex-
cited radicals could be used for the early detection
of NO in practical ammonia-methane-air flames.
However, more work is required to assess the accu-
racy and precision of such method. 
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